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We present relative sea level (RSL) curves in Antarctica derived from glacial isostatic adjustment (GIA)
predictions based on themelting scenarios of the Antarctic ice sheet since the Last GlacialMaximum (LGM)
given in previous works. Simultaneously, Holocene-age RSL observations obtained at the raised beaches
along the coast of Antarctica are shown to be in agreement with the GIA predictions. The differences from
previously published ice-loading models regarding the spatial distribution and total mass change of the
melted ice are signiﬁcant. These models were also derived from GIA modelling; the variations can be
attributed to the lack of geological and geographical evidence regarding the history of crustal movement
due to ice sheet evolution. Next, we summarise the previously published ice loadmodels and demonstrate
the RSL curves based on combinations of different ice and earth models. The RSL curves calculated by GIA
models indicate that themodel dependence of both the ice and earthmodels is signiﬁcantly large at several
sites where RSL observations were obtained. In particular, GIA predictions based on the thin lithospheric
thickness show the spatial distributions that are dependent on themelted ice thickness at each sites. These
characteristics result from the short-wavelength deformation of the Earth. However, our predictions
strongly suggest that it is possible to ﬁnd the average ice model despite the use of the different models of
lithospheric thickness. By sea level and crustalmovement observations, we can deduce the geometry of the
post-LGM ice sheets in detail and remove the GIA contribution from the crustal deformation and gravity
change observed by space geodetic techniques, such as GPS and GRACE, for the estimation of the Antarctic
ice mass change associated with recent global warming.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction geological and geographical RSL observations, largely due to theAn important source of information on the ice thicknesses and
extents since the Last Glacial Maximum (LGM) is the changes in the
relative sea level (RSL). In regions where high-quality RSL data are
available, these data can be used to constrain past ice sheet changes
(e.g., Zwartz et al., 1998), mantle viscosity (e.g., Nakada and
Lambeck, 1989), or both. In Antarctica, however, there are fewResearch, 10-3 Midori-cho,
622.
ura@nipr.ac.jp (H. Miura).
of Geosciences (Beijing).
sevier
sity of Geosciences (Beijing) and Plack of coastal ice-free areas where organicmaterial for radiocarbon
dating can accumulate. Thus, RSL curves have been obtained at
a small number of sites on the Antarctic Peninsula (Bentley et al.,
2005); on the coast of East Antarctica in the Vestfold Hills
(Zwartz et al., 1998), Sôya Coast (Miura et al., 2002) and Windmill
Islands (Goodwin, 1993); and in the Ross Sea region (Baroni and
Hall, 2004). Nakada et al. (2000) demonstrated RSL variations
along the coast of Antarctica from glacial isostatic adjustment (GIA)
modelling and constrained the maximum (ANT5) and minimum
(ANT6) models of the ice-loading histories of the Antarctic ice sheet
during the last deglaciation by comparing themodelling results and
ﬁeld observations. Furthermore, Ivins and James (2005) improved
the reconstruction of the Antarctic ice sheet history using both RSL
data and space-based geodetic observations (GPS and GRACE) and
proposed a new ice load model (IJ05) that is consistent with both
the geologic and geodetic observations in Antarctica.eking University. Production and hosting by Elsevier B.V. All rights reserved.
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and Tahiti (Fairbanks, 1989; Hanebuth et al., 2000; Deschamps
et al., 2012) show a large and rapid rise in sea level approxi-
mately 14 calibrated kilo-years before present (cal. kyr BP). This
event, described as meltwater pulse IA (MWP-IA), is considered to
represent a eustatic sea level (ESL) rise of approximately 20 m over
500 yr. Clark et al. (2002) suggested that the Antarctic ice sheet
melting contributed to the MWP-IA event, and the results
contribute to the controversy regardingwhether theMWP-IA event
was sourced primarily from the northern or southern hemisphere
(Clark et al., 2002; Bassett et al., 2005; Peltier, 2005). Recently,
Bassett et al. (2005) extended the work of Clark et al. (2002) to
consider the full viscoelastic solid earth response to MWP-IA.
Comparing the GIA modelling and far-ﬁeld observations from
Tahiti, Barbados and Sunda indicated that a dominant Antarctic
contribution to MWP-IA (ca.15m eustatic equivalent) is required to
ﬁt the far-ﬁeld observations with a single ice history and earth
model. Accordingly, the estimation of the Antarctic ice sheet history
during the last deglaciation provides an important clue to under-
stand the mechanism of the abrupt climate change.
In this study, we present the RSL predictions along the coast of
Antarctica using the typical ice-loading models and earth structure
models, which are characterised by the lithospheric thickness
(effective elastic thickness: Te), to validate the permissible combi-
nations of conventional ice and earth models.2. Glacial isostatic adjustment modelling
2.1. Sea level equation
Sea level variations predicted by the GIA modelling associated
with the last deglaciation on a viscoelastic Earth have been
formulated by Farrell and Clark (1976). The RSL variation (DzRSL) at
site x and time t can be expressed as follows (e.g., Farrell and Clark,
1976; Nakada and Lambeck, 1987):
DzRSLðx; tÞ ¼ DzESLðtÞ þ Dzisosðx; tÞ þ Dzlocalðx; tÞ (1)
in Eq. (1), DzRSL represents a change in sea level relative to the
present sea level. RSL changes vary both over time (t) and in space
(x), and their causes may be divided into three distinct terms. ESL
change (DzESL) is the spatially uniform change in sea level that
occurs when a volume of water is released from the ice sheets into
the ocean. Sea level change induced by isostatic crustal deforma-
tion (Dzisos) varies in both space and time and is the result of
perturbations to the shape of the solid Earth and the geoid due to
temporal variation in the loading by ice and water. These two
components represent the changes in sea level that result fromGIA.
The third term (Dzlocal) in Eq. (1) refers to the local factors that
cause sea level change. This term includes the local tidal regime, the
consolidation of sediments and tectonic processes. These factors
are neglected in this paper, as their contributions to the sea level in
the region where we focused are relatively small.
Several important processes are neglected in the original
formulation of the sea level equation deﬁned by Farrell and Clark
(1976). These processes have been progressively included in
subsequent GIA studies. The treatment of shoreline migration, the
presence of grounded or ﬂoating ice and rotational feedback within
the sea level equation are described below.
The ﬁrst studies to implement time-varying ocean geometry in
the context of GIA were performed by Lambeck and Nakada (1990)
and Johnston (1993). Subsequent studies have developed increas-
ingly accurate techniques to address shoreline migration (e.g., Milne
et al.,1999; Okuno andNakada, 2001; Lambeck et al., 2003;Mitrovica
and Milne, 2003). It has become standard practice to usea time-varying version of the ocean function to obtain precise solu-
tionsof the sea level equation. Inparticular, the evaluationof anocean
function is very important in calculating the sea level changes for the
former glaciated regions characterised by both large crustal defor-
mations due to glacial rebound and the existence of ice sheets (e.g.,
Milne et al.,1999; Okuno andNakada, 2001).We use a formulation of
the water load component introduced by Milne et al. (1999). Milne
et al. (1999) used an ocean function based on paleotopography,
including the height of the ice sheet, in which they considered the
water loads due to the inﬂuxofmeltwater to subgeoidal solid surface
regions previously covered with the marine-based late Pleistocene
ice sheets. In fact, thewater inﬂux in these regions, including Hudson
Bay and the Gulf of Bothnia, contributes signiﬁcantly to the surface
load (e.g., Milne et al., 1999; Okuno and Nakada, 2001).
Further modiﬁcations to the extent of the ice- and ocean-loading
functions arise in the presence of ﬂoating and marine-grounded ice.
Inprevious versions of the sea level equation, ocean-loading has been
assumed to be the change in the height of the ocean column.
However, in the presence of ﬂoating or marine-grounded ice, the
water loadchangewill be replacedby the ice loadchange, and loading
at this locationwill dependupon ice thickness insteadofoceanheight
in the case of ﬂoating ice, or only on ice thickness in the case of
marine-grounded ice. Special care must be taken when calculating
the local changes in RSL following the inundation with water of
regions uncovered by retreatingmarine-grounded ice or the advance
of marine-grounded ice into locations with non-zero ocean depth
(e.g., Okuno and Nakada, 2002). Ice- and ocean-loading functions
must also consider the position of the transition from grounded to
ﬂoating ice, which is assumed to occur when the mass of the water
displaced by the ice is greater than the mass of the ice.
In theory, the sea level equation presented by Farrell and
Clark (1976) is based on a non-rotating Earth. Several studies have
extended this theory to include rotational effects (e.g., Milne
and Mitrovica, 1996, 1998b). Changes in the conﬁguration of the
Earth’s surfacemass load (ice andocean) perturb theEarth’s rotation
vector. A change in the rotational state of the Earth deforms both the
geoid and the solid surface and hence affects the sea level, thus
further reconﬁguring the Earth’s surface mass load. This feedback
process must be incorporated into the sea level equation and will
require iterative methods to solve (e.g., Mitrovica et al., 2005).
Neglecting any of the processes described above introduces
errors into the GIA calculations. The largest error arises due to the
neglect of shoreline migration; the RSL change since the LGM will
be over/under-estimated by up to 125 m (i.e., the eustatic change
since the LGM) within the region of shoreline migration. Errors of
over 10% may also be incurred in regions with broad continental
shelves, and late Holocene far-ﬁeld sea level highstand predictions
may contain errors of over 2 m (e.g., Milne and Mitrovica, 1998a;
Okuno and Nakada, 1998). The error will be smaller in regions with
steep topography at the shoreline, as such topography limits the
spatial extent of shoreline migration. The errors can be reduced to
approximately 1% using the calculation algorithms developed by
Johnston (1993), Milne et al. (1999) and Okuno and Nakada (2001),
and will be a function of the time step used.
2.2. Ice histories
In GIA modelling, ice-loading history is deﬁned using temporal
step functions; the ice thicknesses at each location are speciﬁed at
a series of discrete times. The early models used parabolic ‘disks’ of
ice whose thicknesses, but not radius, vary with time. The
axisymmetric disks enable the analytical determination of the
viscoelastic response to such a load by the spherically symmetric
Maxwell Earth (e.g., James and Ivins, 1998 for a thorough analysis).
The more recent models specify the ice thicknesses for a given time
J. Okuno, H. Miura / Geoscience Frontiers 4 (2013) 623e632 625at a set of discrete points on the surface of the Earth. The ice
thickness distribution is converted into a spherical harmonic
loading function (Spada and Stocchi, 2007) when solving the sea
level equation using spectral methods (e.g., Nakada and Lambeck,
1987). It is commonly assumed that the ice thickness varies line-
arly between time steps.
The spatial and temporal variations of ice sheets are very
important for calculating RSL variations (e.g., Nakada and Lambeck,
1988). The ice models adopted here are the ARC3 þ ANT4 (Nakada
and Lambeck, 1989), ARC3 þ ANT5 (Nakada et al., 2000), ICE-3GFigure 1. Thicknesses of Antarctic ice melted since the LGM for ANT4, A(Tushingham and Peltier, 1991), ICE-5G (Peltier, 2004) and IJ05
(Ivins and James, 2005). The spatial distributions of the total melted
ice thickness since the LGM in Antarctica are shown in Fig. 1 for the
ANT4, ANT5, ICE-3G, ICE-5G and IJ05 ice models. The ESL curves for
these models are shown in Fig. 2. The Antarctic components of ICE-
3G, ANT3 and ANT4 are essentially based on the CLIMAP (Denton
and Hughes, 1981) reconstruction. These ﬁgures indicate that
there are large dissimilarities in the spatial, temporal and total
amount of melting ice mass among the models. Hence, the details
of the Antarctic ice sheet evolution are the subject of debate.NT5, and IJ05 and the Antarctic components of ICE-3G and ICE-5G.
Figure 2. Eustatic sea level curves for ANT4, ANT5, and IJ05 and the Antarctic
components of ICE-3G and ICE-5G.
J. Okuno, H. Miura / Geoscience Frontiers 4 (2013) 623e632626The most widely used global ice models are the ICE-3G
(Tushingham and Peltier, 1991) and ICE-5G (Peltier, 2004)
models. These models are constrained by geological data and have
been developed in conjunction with GIA modelling. ICE-5G is an
updated version of ICE-3G, developed following the introduction of
improved ice-dynamic modelling and the availability of supple-
mental data, including geodetic and gravity data from North
America (Argus et al., 1999; Lambert et al., 2001) and Greenland. In
particular, ICE-5G is used in conjunctionwith the VM2 Earth model
(Peltier, 2004), as shown in Fig. 3b. The measurements of GIA
observables in Greenland and Antarctica will contain signals
relating to both post-LGM and present-day melting; these signals
must be separated to study about the LGM ice conﬁguration
(Velicogna and Wahr, 2002; Ivins and James, 2005). The estimates
for the global ice volume at LGM range from 43.5  106 km3 to
51  106 km3 (Milne and Mitrovica, 2002), equivalent to an ESL
change of 115e135 m. Lambeck et al. (2002) concluded that ice
volumes were almost constant between 30 kyr BP and 19 kyr BP,
during which time the eustatic sea level was 120e130m lower than
the present level and the global sea level started to rise at 19 kyr BP
(Yokoyama et al., 2000).
The GIA models have also been used to reconstruct the rates of
ESL change (e.g., Okuno and Nakada, 1999; Lambeck et al., 2002)
and to investigate the source of rapid deglacial events such as
MWP-1A (e.g., Deschamps et al., 2012). Lambeck et al. (2002)Figure 3. Mantle viscosity structure proﬁles as a function of depth from Lambeck and Chap
The viscosity model used in this study is illustrated in panel (b) by the dashed line. The valuepredicted maximum rates of eustatic sea level change of up to
15 mm/yr on either side of the Younger Dryas and suggest that the
eustatic sea level stabilised at present-day levels approximately
7 kyr BP. Fig. 2 illustrates the ESL curves of the Antarctic component
published in previous works. These models indicate that the onset
age of deglaciation is approximately 14e10 cal. kyr BP in almost all
models. None of these previous models include the rapid ice
melting during the MWP-1A event. The differences in the total
melting volumes during the last deglaciation among the models,
equivalent to an approximately 10e25 m sea level rise, are
signiﬁcant.
2.3. Viscosity models
The principal aim of many GIA model studies is to constrain
mantle viscosities. Many studies invert for earth models of three
layers: the lithosphere, upper mantle, and lower mantle (e.g.,
Lambeck et al., 1998). The solid-earth isostatic component of the
sea level signal is computed using the impulse response formalism
(Peltier, 1974), which yields the response of a spherically
symmetric, self-gravitating and compressible Maxwell viscoelastic
earth model to an impulse forcing. The radial elasticity and density
structure of the earth model is based on the seismically inferred
Preliminary Reference Earth Model (PREM) (Dziewonski and
Anderson, 1981). The radial viscosity structure is more crudely
parameterised into an upper region of effectively inﬁnite viscosity,
simulating an elastic lithosphere, and two deeper regions, each
with a uniform viscosity, corresponding to the sub-lithospheric
upper mantle and the lower mantle (below a depth of 670 km).
In global GIA modelling, the values for the thickness of the litho-
sphere, which behaves as an elastic layer, lie in the range
50e170 km (Milne and Mitrovica, 1998b). However, recent studies
have demonstrated the importance of using a value for the litho-
spheric thickness that represents the local conditions to accurately
ﬁt the data. The regional thicknesses obtained via GIA modelling
include 120 km for central Fennoscandia, 60 km for the British Isles
and 70 km for the Barents Sea (Steffen and Kaufmann, 2005).
Similarly, the upper and lower mantle viscosities cover a range of
values. The best-ﬁtting upper mantle viscosities typically lie in the
range 1020e1021 Pa s, and the lower mantle viscosities lie in the
range 51021e1023 Pa s (e.g., Kaufmann and Lambeck, 2000, 2002;
Mitrovica and Forte, 2004). These values have been further reﬁned
to ﬁt regional data sets, although some dependence upon the data
used has been found. For example, Steffen and Kaufmann (2005)
found that an upper mantle viscosity of 4  1020 Pa s best ﬁts the
Fennoscandian RSL data, whereas a value of 7  1020 Pa s best ﬁts
the BIFROST GPS data.pell (2001), Peltier (2004), Peltier and Drummond (2008) and Argus and Peltier (2010).
s of the upper and lower mantle viscosities are 5  1020 Pa s and 1022 Pa s, respectively.
Figure 4. Location map for the data sites used in this study.
J. Okuno, H. Miura / Geoscience Frontiers 4 (2013) 623e632 627In Fig. 3, typical mantle viscosity structure models are shown as
a function of depth in the ANU group (a) (e.g., Lambeck and
Chappell, 2001) and Peltier group (b) models (e.g., Peltier, 2004).
The ANU group models were constructed by analysing the RSLs in
three different regions. The continental mantle model is based on
sea level data in northern Europe (Lambeck et al., 1996, 1998); the
continental margin results are based on the late Holocene data
from Australia (Nakada and Lambeck, 1989; Lambeck and Nakada,
1990), and the oceanic model is based on the Paciﬁc sea levels
(Nakada and Lambeck, 1991). The VM2 T90 (Peltier, 2004) model
has a high-viscosity layer (approximately 4  1021 Pa s) of
approximately 2000 km, and in VM5a T60 (Peltier and Drummond,
2008; Argus and Peltier, 2010), a thin high-viscosity layer (1022 Pa s)
lies between 60 and 100 km in depth. In this study, we chose 100-
km- and 50-km-thick elastic lithospheres and viscosities of
5  1020 Pa s for the upper mantle and 1022 Pa s for the lower
mantle as the standard viscosity model. These parameters are
broadly consistent with the results of a number of recent viscosity
inferences (Nakada and Lambeck, 1989; Lambeck and Nakada,
1990; Lambeck, 1993; Forte and Mitrovica, 1996; Mitrovica and
Forte, 1997; Lambeck et al., 1998; Milne et al., 2001). Recent
studies by Whitehouse et al. (2012a, b) investigated the ice extent
and GIA models with RSL and GPS-derived uplift data in Antarctica.
These studies suggest that the viscosity structure for the whole
Antarctica is that lithospheric thickness is 120 km, and upper and
lower mantle viscosities are 1021 Pa s and 1022 Pa s, respectively.
3. Relative sea level observations in Antarctica
Many raised beaches have been investigated in ice-free areas
along the coast of Antarctica. Since the coastal regions of Antarctica
are uplifting due to the last deglaciation of the Antarctic ice sheet,
former shorelines have been recorded in the coastal topography as
the ice sheet has retreated. The sea level reconstructions have been
derived from the radiocarbon dating of organic material in the
raised beaches (penguin remains, shells, seaweed, seal skin). These
observations are indicators of past sea levels. We can also recon-
struct past sea levels using the sediment cores from isolation basins
with a known sill height and dating the transitions from lacustrine
to marine and marine to lacustrine sediments. This method has
been used to obtain RSL curves for areas covered by ice sheets, such
as Greenland (Long and Roberts, 2003) and East Antarctica (Zwartz
et al., 1998).
The RSL data sets in this study are from ten locations on the
Antarctic continent (Fig. 4) and cover the period of approximately
up to 12 cal. kyr BP. The data were compiled by Nakada et al. (2000)
and Bassett et al. (2007) and are partially contained in the Antarctic
Glaciological Geological Database (http://www.antarctica.ac.uk/
met/rcah/agdb/index.htm). The model predictions are generated
in cal. kyr BP, and we calibrate the calculated observational ages
using the program Calib 6.0 based on INTCAL Marine09 (Reimer
et al., 2009) and a DR (local reservoir age anomaly) of
1144  120 yr, recently published by Hall et al. (2010). The radio-
carbon dating of marine fossils around Antarctica is problematic
because of the depletion of 14C that results from dilution with
glacier meltwater and the upwelling of deep old ocean water
(Omoto, 1983; Stuiver et al., 1986). Hall et al. (2010) have proposed
a time-dependent DR (the local deviation from the global average)
for the past 6000 yr.
4. Numerical results and discussion
Fig. 5 shows the observations and predictions using the earlier
models, ANT4 and ICE-3G. The solid red circles represent the mean
sea level determined by geographical evidence and fossil ages. Thegreen open and solid circles show the upper and lower bound
indicators of past sea levels. We employ two effective elastic
thickness (Te) models: 50 and 100 km. This ﬁgure indicates that the
predictions based on combinations of deglaciation and Te models
cannot explain the observations at all sites concurrently. In addi-
tion, the sensitivity of the RSL prediction to the Te model depends
on the melted ice thickness since the LGM over each site individ-
ually. On the other hand, Nakada et al. (2000) examined the
sensitivity of the RSL prediction to the viscosity model. In Nakada
et al. (2000), RSL predictions were compared based on two rheo-
logical models: HVM and UVM. In that calculation, the ice model of
ARC3 þ ANT4 was employed and Te for the two rheological models
was assumed to be 100 km. The upper and lower mantle viscosities
for model HVM are 51020 and 1022 Pa s, and those for model UVM
are 1021 and 2  1021 Pa s respectively. Model HVM, which is same
model used in this study, has been supported by sea level studies in
the far-ﬁeld and Fennoscandia areas (e.g., Nakada and Lambeck,
1989; Lambeck et al., 1996). Model UVM has been derived from
the analysis of RSL variations in the Laurentide area (e.g.,
Tushingham and Peltier, 1991). Published results of the comparison
between predictions of these viscosity models (Fig. 4 in Nakada
et al., 2000) are not particularly sensitive to viscosity structure
under the elastic lithosphere. Therefore it is possible to provide the
dependences of RSL prediction on the deglaciation model of
Antarctic ice sheet and Te regardless of uncertainties in the viscosity
structure beneath the elastic lithosphere. Henceforth, we adopt the
viscosity model in which upper and lower mantle viscosities are
5  1020 and 1022 Pa s, respectively.
Fig. 6 illustrates the RSL curves calculated by ice models pub-
lished after Nakada et al. (2000). The red, green and blue shaded
regions show the calculation range based on the Te dependence of
various ice models. The predicted curves based on ANT5 are
indicative of the slight dependence on Te at almost all sites. These
results suppose that the spatial variations of the melted ice thick-
ness of ANT5 are smoother than the variations of ICE-5G, as illus-
trated in Fig. 1. Previous studies of GIA indicate that near-ﬁeld RSL
predictions are affected by local load history, signiﬁcantly (e.g.,
Nakada and Lambeck, 1987). In addition to this, RSL prediction
based on the thinner Te model reﬂects the short-wavelength load
geometry. This is because short-wavelength deformation of the
Figure 5. Observed sea level variations and predictions based on the ice models of ANT4 and ICE-3G. The red solid circles represent the past mean sea level determined by organic
materials such as fossil shells. The green solid and open circles indicate the upper and lower bounds of the sea level evidence dated by, for example, penguin and elephant seal bone.
In these calculations, we employ a viscosity model assuming that the upper and lower mantle viscosities are 5  1020 and 1022 Pa s, respectively. The lithospheric thickness (effective
elastic thickness: Te) models used here are 100 km and 50 km.
J. Okuno, H. Miura / Geoscience Frontiers 4 (2013) 623e632628Earth emerges by local load change. There are some sites where the
difference between the RSL predictions by the combinations of Te
and deglaciation models is large (e.g., Ross sea region in Fig. 6).
These differences are attributed to the difference in the thickness of
the melted ice at each sites and in its spatial extent. So the causes ofspatial variations of RSL prediction are associated with the spatial
variations of earth’s deformation. If we adopt the ice model with
many small ice-domes in Antarctica, spatial variation of the pre-
dicted RSL based on the thinner Te is characterised by short-
wavelength deformation. (e.g., predictions by ICE-5G in Fig. 7). In
Figure 6. Observed and predicted RSLs at each site in Fig. 3. The ice models used are ANT5, ICE-5G and IJ05. The Te models used here are 100 km and 50 km. The shaded regions
illustrate the range of predictions based on the two Te models. The symbols are the same as those in Fig. 5.
J. Okuno, H. Miura / Geoscience Frontiers 4 (2013) 623e632 629order to reconstruct an average ice load model by GIAmodelling, as
much as possible, this should be spatially homogeneous model of
melted ice thickness as the surface load change. However, these
models do not contain the physical and chemical processes inside
the ice sheet, such as thermomechanical ice ﬂow, these uncer-
tainties will remain. In particular, the treatment of ice shelf and the
variation in the area of grounded ice are important factors to
reconstruct the past ice sheet geometry and thickness (e.g., Saitoand Abe-Ouchi, 2010). On the other hand, ice models as the load
history inferred from GIA modelling are valuable to examine the
present crustal deformation observed by GPS and GRACE. Recently,
the construction of the coupled model with bedrock deformation
and ice sheet ﬂow is developed, and more realistic models are
suggested (e.g., Whitehouse et al., 2012a).
Fig. 7 depicts the spatial distributions of RSL at 7 kyr BP. These
results indicate that the spatial variations of RSL depend on the
Figure 7. Spatial distributions of RSL at 7 cal. kyr BP for several ice models and for the 100 km and 50 km Te models.
J. Okuno, H. Miura / Geoscience Frontiers 4 (2013) 623e632630spatial distribution of melted ice thickness in Fig. 1. In other words,
spatial variations of RSL at 7 kyr BP are reﬂections of ice-sheet
models, which ice model dependence seems to be large. This
means that the spatial characteristics of predictions are less
dependent on earth models. These results suggest that the uncer-
tainties in ice models exceeded the impact of different earth
models. In addition, the predictions based on the small value of Te
present a sharp inclination because the short-wavelength defor-
mation caused by a thin elastic layer affects the spatial variations. It
is difﬁcult to constrain the melting ice model in the region of inlandAntarctica because of the lack of geographical evidence. Only space
gravity data are available to constrain the distribution of the past
ice sheet geometry (e.g., Ivins and James, 2005). The results of this
study clarify that the spatial variations of RSL are sensitive to the
choice of the ice and Te models. The appropriate ice and Te models
can be deduced from future observations, based on comparing the
geophysical and geographical signals and the GIA predictions.
These results imply the potential to reconstruct the deglaciation
history model with less dependence on earth structure using GIA
modelling.
J. Okuno, H. Miura / Geoscience Frontiers 4 (2013) 623e632 6315. Summary
We have summarised the RSL predictions based on GIA
modelling and the observational evidence of past sea levels in the
coastal regions of Antarctica. The results of the theoretical RSL
curves and the spatial variations of RSL at 7 kyr BP indicate
a signiﬁcant dependence on the adoption of ice and Te models.
However, the RSL predictions based on ANT5 and IJ05 show that
the dependence on Te is relatively small at almost all the sites at
which RSL observations were obtained. In addition to this, the
characteristics of spatial variations of prediction are less dependent
on the viscosity structure models. In particular, spatial variations
of GIA results based on thin Te model are reﬂective of the adoption
of ice model. This is attributed to short-wavelength deformation of
the Earth dominantly. Taking such property into account, we can
obtain the appropriate ice load model without considering more
details of the Earth’s structure. Furthermore, we can reasonably
explain the RSL observations accumulated to date in Antarctica
using the ice models of ANT5 and IJ05, which show no melting at
approximately 14.6 cal. kyr BP related to the MWP-1A event. There
are essentially no RSL observations before 10 kyr BP depicted in
Figs. 5 and 6, which indicates that the Antarctic contribution of
MWP-1a cannot be accurately derived from the near-ﬁeld RSL
observations at this time. The far-ﬁeld RSLs obtained in Tahiti
(Deschamps et al., 2012) indicate that the amplitude of this event is
approximately 14e18 m, and the GIA modelling by Bassett et al.
(2005) suggested a 50% contribution from the southern hemi-
sphere at MWP-IA. However, the total amounts of ESL since the
LGM predicted by recent ice models, ANT5 and IJ05 (Fig. 2), are
below approximately 20 m, corresponding to a 50e70% of the total
sea level rise in Antarctica. In addition, Nakada and Lambeck (1988)
suggested that minor Antarctic melting equivalent to an ESL rise of
approximately 3 m occurred throughout the Holocene based on
their analysis of the far-ﬁeld RSLs. Additional far-ﬁeld studies in
Japan (Nakada et al., 1998; Okuno and Nakada, 1998; Yokoyama
et al., 2012) and the Mediterranean Sea (Stocchi et al., 2009) rein-
force this scenario. These studies suggest that the Antarctic ice
sheet continued to melt during the last deglaciation. To estimate
the Antarctic contribution of MWP-1A, we need not only RSL
observations in the coastal regions but also geographical evidence
of the ice retreat history in other ice-free areas in the Antarctic
continent using cosmic exposure dating (e.g., Bentley et al., 2010;
Yamane et al., 2011).
In this study, we discussed some of the model variations of GIA
calculations using the previous ice models. These results provide
useful insights for validating the plausibility of the melting models
of the Antarctic ice sheet. The comparison between the GIA
predictions and the ﬁeld observations is constrained to the degla-
cial history of the Antarctic ice sheet. If effective ice models are
published, we can reduce the uncertainty of interpretation of the
space geodetic observations such as GPS and GRACE to more
precisely estimate the effect on the Antarctic ice mass balance of
recent global warming.Acknowledgements
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